OBJECTIVES: Reoperations and catheter interventions after the arterial switch operation (ASO) are relatively rare, but their frequency varies among different centres. They significantly impact the postoperative course of children with transposition of the great arteries (TGA). The aim of this study was to assess the frequency of reoperations and catheter interventions in patients with TGA after the ASO and to identify the potential risk factors.
INTRODUCTION
The arterial switch operation (ASO) introduced by Jatene in 1975 changed the fate of children with transposition of the great arteries (TGA) [1] . This method of treatment evolved in the first years after its introduction and still it is slightly changing in an effort to improve the results and avoid potential complications. One of the milestones for this procedure was its implementation in the early neonatal period by Castaneda, which allowed avoidance of the deterioration of left ventricle function after a decrease in pulmonary resistance by means of a one-step anatomical correction [2] . The early and mid-term results of an arterial switch procedure are excellent, and the most common complications are relatively rare and well known. Yet this group of patients still needs to be watched carefully, as the oldest patients treated with the 'modern' version of the switch procedure are young adults in the third decade of life [3] . Neoaortic regurgitation, aortic root dilatation, pulmonary artery stenosis as well as coronary complications, are still matters of concern [4] , not least because their impact on patient health and quality of life may increase over time. This group of patients may also have a different course and complications of certain adolescent cardiovascular diseases such as atherosclerosis or hypertension. Reoperations and percutaneous interventions after ASO are relatively rare, but the frequency varies between different centres [3, 5] . They exert an impact on the postoperative course of children with TGA [4] and describing the relevant risk factors may lead to the identification of a group of patients that needs to be followed especially carefully.
The aim of this study was to assess the frequency of the reoperations and catheter-based interventions in patients with TGA after the arterial switch procedure in order to determine the most serious risk factors.
PATIENTS AND METHODS

Study group
For this retrospective case review study, we included all the consecutive patients with TGA who underwent the ASO in the Department of Cardiac Surgery between the years 1991 and 2015. This includes patients with isolated TGA (with intact ventricular septum: TGA + IVS) and all the cases of complex TGA [TGA with ventricular septal defect (VSD), aortic arch anomalies (AAA), left ventricle outflow tract obstruction (LVOTO), Taussig-Bing anomaly (TBA) or two-stage arterial switches]. The only exclusion criterion being that an operation was performed outside our centre. Our study group is similar when it comes to preoperative and postoperative care, surgical technique and the routine diagnostic procedures during the follow-ups carried out according to our internal protocols. In the first years after the operation, each patient was asked to do yearly routine ambulatory control check-ups which included the echocardiographic examination. Depending on the results, the clinical follow-up visits were planned in 2-3 years intervals. After the early follow-up, 7-8 years after the arterial switch procedure the frequency of follow-up visits decrease, especially in asymptomatic patients. Those with excellent results are frequently monitored in regional cardiology departments. In the cases of clinical symptoms related to the cardiovascular system, patients with abnormalities detected in echocardiographic examinations as well as asymptomatic patients (once every 5-6 years) were directed for routine examinations in our institute. Besides the basic examinations like clinical evaluations, laboratory tests, 12-lead electrocardiography and echocardiography, each patient underwent an exercise test (currently ergospirometry is preferred, especially in the older group of patients) and a routine Holter ECG. In mid-term follow-ups (usually 5-10 years after operation), coronarography and myocardial perfusion scintigraphy were routinely performed. In the oldest group of patients-over 15 years after the ASO, coronary computed tomography angiography (CCTA) has been the method of choice for coronary evaluations, especially in those who didn't have the coronarography examination. We also evaluate the arterial valves function, left and right ventricle, and the flow speed on the level of the anastomosis of the great arteries in MRI examination (without contrast). In a selected group of patients, stress ECHO, stress MRI or repeated myocardial perfusion scintigraphy were performed. In cases of residual lesions or complications, the decision about reoperation or a catheter-based reintervention is always made by the cardiology and cardiac surgery teams.
Surgical technique
All of the surgical procedures were performed by one cardiac surgery team led by Jacek J. Moll using a similar technique which included own modifications. In most of the cases, the pulmonary trunk was anastomosed without a patch using two specific modifications. To facilitate direct anastomosis, the aorta is usually transected high above the valve (5-7 mm) and the pulmonary trunk as low as possible-usually 2-3 mm above the commissures. It shortens the aortic arch and gives a bit more tissue for tensionless pulmonary reconstruction. Two incisions on the anterior and posterior wall of the pulmonary trunk increase the length of the suture line of the anastomosis and additionally allows for filling the gaps created by resected coronaries. These two modifications influence a few of the key points of the ASOa longer suture line of the neopulmonary anastomosis combined with the direct reconstruction without a patch decreases the risk of supravalvular stenosis [6] . Aside from the influence on the pulmonary reconstruction, the modifications of the transection lines shorten and shift back the aortic arch. This reduces the risk of compression of the proximal parts of the coronary arteries by the pulmonary trunk after the LeCompte maneuver. Additionally, it reduces the pressure made by the aortic arch on the bifurcation of the pulmonary trunk and the proximal parts of the left and right pulmonary artery. This position of the aorta creates a good local condition for aortic arch repair in the case of TGA associated with AAA. In an event of hourglass-like coarctation, a complete excision of the stenosed part followed by the end-to-end anastomosis is preferred. In the presence of a hypoplastic or interrupted aortic arch, an incision along the narrowed part of the aorta and side-to-end wide anastomosis without a patch was made in almost all of the patients. The coronary arteries were transferred using the modified trap door technique in most of the cases. To avoid tension and torsion of the proximal part of the coronary arteries, they were always transferred at the similar level at which they arise from the aortic sinuses. The incision for the right coronary artery is usually an 'L' shape, placed higher above the valve and parallel to the transection line, while the incision for the left coronary artery usually goes deeper into the sinus and has a shape of a hockey stick. In each case, the depth and the localization of the incision are modified by the original localization of the coronary ostia and the setup of commissures. An intramural course of the coronary artery is solved by its transplantation along with the surrounding wall including the intramural artery and internal ostium. The proximal part of the intramural coronary artery is unroofed to avoid stenosis.
Data collection and analysis
We reviewed the institutional database (either clinical or ambulatory care visits) for data on the preoperative period, operation and postoperative control visits to establish all of the reoperations and percutaneous interventions performed after the ASO (in the years 1991-2015). In the cases of missing data or the last control visit taking place before 2013, the patients were contacted by phone to set up the next control visit and supplement the data related to the current cardiological care, their general condition and the procedures performed during the postoperative period. The study end points included:
Early mortality up to 30 days after the operation, all-cause mortality including patients who have died after the 30 days but before discharge.
Late mortality covers all-cause deaths which occurred later than 30 days after the ASO, excluding cases qualified for early mortality (death before discharge).
Early reoperations include all the cardiosurgery operations performed in the first 30 days after ASO. Delayed sternal closures and emergency openings of the chest in cases of cardiovascular collapse without any specific procedures besides the direct cardiac massage during cardiopulmonary resuscitation were excluded from this group of procedures.
Reoperations include all the cardiosurgery procedures performed in the postoperative period later than 30 days after the ASO. Catheter reinterventions-all catheter-based procedures related to the cardiovascular system performed after the ASO.
Among the potential risk factors for reinterventions (both surgical and transcatheter), the patients data (age and weight) was taken at the time of the operation. The year of surgery was coded as a continuous value between 1 and 25 respectively to the years 1991-2015 and it was included into the analyses as a continuous variable. The detailed heart anatomy included associated defects and surgical technique (TGA + IVS, VSD, AAA, TBA, commissural malalignment, coronary anomalies, bicuspid native pulmonary valve, size discrepancy between the pulmonary and aortic valve, a patch for neopulmonary reconstruction, a patch for aortic arch reconstruction and aortic cross-clamp time) were obtained from the description of the surgical procedure. In the case of coarctation of aorta, which developed after the ASO and required primary arch repair, the procedure was included into reoperations and the patient's initial heart anatomy was updated with the aortic arch anomaly. This study was approved by the institutional ethical review board, which waived the need of informed consent.
Statistical analysis
The statistical analysis was performed using Statistica 12 software (StatSoft Inc, Tulsa, OK). Quantitative data is presented as the mean and standard deviation (SD) or median and interquartile range (IQR; 25th to 75th percentile) depending on the normality of the distribution. Qualitative data is presented as percentages. Event-free survival was estimated using a Kaplan-Meier survival probability curve. For time-to-event analysis, the time origin was taken as the time of the arterial switch procedure (for catheter based reinterventions outcome) or 30 days after the ASO (for reoperations outcome). The risk factors for early mortality and early reoperations were tested using multivariable logistic regression (factors with a P-value less than 0.2 in initial univariable logistic regression models were included in the analysis). The final model was created using the forward stepwise regression algorithm with a P < 0.15 probability of remaining in the model, and checked by using the Hosmer-Lemeshow test. The analysis of the risk factors for reoperations and catheter-based reinterventions used the Cox proportional hazards regression model-similarly, the initial univariable test allowed for selection of predictors (P < 0.2) included in the multivariable model using the forward stepwise selection process. The proportional hazards assumption was tested by including time dependent coefficients into the regression model. A P-value less than 0.05 was considered statistically significant. patients had TGA associated with an aortic arch anomaly (9.5%); 22 patients had undergone a two or multi-stage operation (3.1%): majority of them had pulmonary artery banding prior to the arterial switch procedure. In these groups, 87 patients were identified as having the TBA (12.1%). Among the analysed factors, the year of surgery (P < 0.001) and longer aortic cross-clamping time (P < 0.001) proved to be significantly associated (multivariable regression analysis, Hosmer-Lemeshow test: P = 0.473) with early mortality (Table 1 ). The average follow-up for our study group was 10.5 years (SD: 7.6; completeness of the follow-up: 97.3%). During the postoperative follow-up, 15 late deaths occurred (2.3% of survivors-patients who have survived the arterial switch and were discharged alive). Out of those, nine had a proved or a possible cardiovascular reason. The remaining six were related to infections (three cases), pulmonary dysplasia (one case) or oncological reasons (two cases). All of them occurred in the first 5 years after the ASO (Fig. 1) . Early reoperations (up to 30 days after surgery) were performed in 37 patients (5.2% of our study group). Among the 38 procedures most frequently performed was re-sternotomy due to postoperative complications-mostly haemorrhage (18 procedures; 47.8%). All of the early procedures are shown in Fig. 2 . Among all of the analysed predictors (Table 2) , only the longer aortic cross-clamping time (P = 0.045) proved to be an independent risk factor for early reoperations in the multivariable regression analysis (Hosmer-Lemeshow test: P = 0.574).
RESULTS
Between
During the course of the follow-up, 38 reoperations (43 procedures) were performed in 31 patients (4.7% of survivors) (Fig. 3 ). Among these, three patients underwent reoperation twice (two of them had a paravalvular shunt closure after the aortic valve implantation, and one had pulmonary artery banding followed by debanding with a pulmonary artery plasty) and two patients underwent the procedure three times (one case was related to a pacemaker implantation/reimplantation, the second patient had a complex stenosis of the right side-right ventricle outflow tract (RVOT), pulmonary valve and trunk stenosis, which had RVOT plasty followed by RVOT plasty with 21 mm homograft implantation and final reoperation with homograft removal, RVOT and pulmonary trunk plasty with a gore-tex patch. In the group of analysed factors (Table 3) , those significantly associated with the reoperation after the ASO in multivariable analysis (Cox proportional hazards model) were early reoperations (P = 0.015) and the LVOTO (P < 0.001), while in patients with simple TGA the risk of reoperation was significantly lower (P < 0.001). Patients with LVOTO associated with TGA (21 patients) were reoperated in 33% of the cases (7 patients). Freedom from reoperation after the ASO was 97.2% at 5 years, 95.5% at 10 years, 94.0% at 15 years, and 93.5% at 20 and 25 years (the end of follow-up) (Fig. 4A) .
Catheter-based interventions were performed in 25 patients after the ASO (3.8% of survivors). They had 42 procedures performed over the course of 38 reinterventions (Fig. 3) . In the majority of the cases, the indication for an interventional procedure was pulmonary stenosis (valvular and supravalvular) and a stenosis of the isthmus of the aorta (primary coarctation-4 patients; recoarctation-10 patients). Ten patients underwent multiple interventional procedures-three of them also underwent cardiosurgery reoperation. Among the analysed risk factors (Table 4) in the multivariable Cox regression analysis that were statistically significant were AAA associated with TGA (P < 0.001) and neopulmonary artery anastomosis with a patch (P = 0.002). Patients with simple TGA had a significantly lower risk of catheter intervention (P < 0.001) in postoperative follow-ups (Table 4) . Freedom from catheter reintervention after the ASO was 97.1% at 5 years, 95.9% at 10 years and 95.4% at 15, 20 and 25 years (the end of followup) (Fig. 4B) .
Freedom from cumulative early reoperations, reoperations and catheter interventions for all patients after the ASO at the end of the follow-up (25 years) was 86.5% (at 5 years: 90.4%; 10 years: 88.0%; 15 years: 86.5%; 20 years: 86.5%) (Fig. 4) . The highest probability of an event (catheter intervention or reoperation) was observed in the first three years after the ASO.
DISCUSSION
At present, the one step ASO is the method of choice for TGA in all cases, even with a presence of complex associated defects such as AAA, coronary anomalies and mild pulmonary or aortic stenosis. The various surgical techniques, as well as different approaches to the residual lesions and various complications have resulted in a wide variation in the frequency of reoperations and catheter-based reinterventions in the postoperative period among different cardiac surgery centres [7] . The reported ranges are also wide because of the differences in demographics of the analysed groups of patients, associated heart defects and the time period of the performed switches (the results, complications and possibility of interventional treatment varies between the ASO performed in the 80's or 90's and the first decades of the XXI century). The reoperation rate varies between 5 and 19.6% [4, 5, [8] [9] [10] [11] [12] and the frequency of interventional procedures after the arterial switch stays in the range from 5.9 to 16% [9] [10] [11] . Our cohort has certain unique features that allow an exact evaluation of some of the risk factors while eliminating others [13] . All of the operations in our study were performed in one institution by one cardiac surgery team led by Jacek J. Moll. His modifications, including the coronary artery transplantation, the level of the transection lines on the great vessels, direct neopulmonary artery anastomosis and anastomosis of the aortic arch, were used in the majority of the procedures [6] . Most of the patients underwent an early neonatal (6-13 days), one-stage switch procedure, so this study is of limited value in the evaluation of two-stage procedures, late operations and patch reconstructions of the neopulmonary artery or aortic arch. A postoperative evaluation of all of the patients who underwent the ASO was performed in the Cardiology Department during the routine followup visits using our own institutional protocols.
The early mortality rate for the ASO is reported to be in the range between 4.5 and 13.6% [7, 8, 11, 14, 15] , while in our cohort of patients it was 7.4%. As we included all of the ASO cases, this value also contains the initial 'learning curve' with the initial highest early mortality, so it is the possible reason for its significant association with the year of operation.
Reinterventions in the postoperative period are relatively rare and related mostly to the aortic arch and pulmonary stenosis. The frequency of catheter-based procedures and reoperations is at a similar level (Fig. 4A and B) but reintervention, being less invasive, when applicable, is always the method of first choice in our centre. It is also preferred in patients in bad general condition, who require an urgent procedure. Most of the risk factors associated with reoperations and catheter reinterventions are related to the defects associated with TGA: LVOT in reoperations, and AAA in catheter-based procedures. Isolated TGA (TGA + IVS) had a significantly lowest risk of postoperative reinterventionsboth surgical and transcatheter. So this group of patients, without any additional heart defect like VSD, AAA, TBA or LVOTO, have significantly better prognosis for the postoperative follow-up.
A patch reconstruction of the neopulmonary artery was proved to be a significant risk factor for catheter-based interventions. In patients with a patch reconstruction, we observed a higher incidence of significant SVPS [6] . This may be caused by the fact that most of the arterial switches in our institute were performed with direct pulmonary artery reconstruction without using any patch (85.6%, Table 1 ), as this is the method of choice in our centre. In the remaining cases, when a local adaptation was ineffective, and there was a risk of compression of the coronary arteries by the posterior wall of the neopulmonary artery, a patch reconstruction was performed. So this group of patients is highly selective with poor local conditions and thus may not be comparable with centres where a patch reconstruction is the preferred surgical method [5, 12, 16] . In the case of reoperations, a patch reconstruction was only significantly associated in a univariable analysis-this group of patients who have been operated because of pulmonary stenosis is relatively small and covers the group of patients who had associated subvalvular, muscular stenosis or recurrence stenosis. Isolated supravalvular stenosis or changes in the pulmonary arteries were mainly solved with the catheter procedures. There is a lot of proof in literature, that a patch reconstruction ensures a good postoperative effect with a low incidence of supravalvular pulmonary stenosis and a low rate of catheter reinterventions [12, 16] . We believe that even if the early outcomes are comparable, direct reconstruction is superior, as the differences compared to a patch reconstruction might increase over time. Even fresh autologous pericardium has no, or limited growth potential compared to the surrounding tissues. Distortion, retraction and calcification of the patch may lead to an inadequate development of the supravalvular portion of the neopulmonary artery, resulting in stenosis on late follow-ups, especially in the cases with large patches [6, 9, 17, 18] .
Lim et al. [12] reported a group of 220 patients in which AAA were an independent risk factor for reoperations after the arterial switch. In our analysis, AAA were significantly associated with reoperations only in univariable analysis, and the significance was reached because we included all the cardiosurgery procedures to the group of reoperations. In fact, the subgroup of patients, who developed coarctation of the aorta after the ASO, with primary arch repair as a subsequent procedure to the ASO, underwent more like a two-stage operation, as it entails the structures which weren't operated before. So far, none of these patients required any additional procedure. In catheter reinterventions, AAA were an independent risk factor confirmed in the multivariable analysis. This is the preferable type of procedure in cases of recoarctation. The frequency of second procedures because of recoarctation in our series of patients remains low. From the 68 patients with AAA, only 5 first cases were repaired with a patch. The rest of them had a direct anastomosis even in complex cases with a hypoplastic or interrupted aortic arch. That may be the reason why we didn't observe any new cases of significant recoarctation in late follow-ups.
In our material, the coronary anomalies didn't show to be a significant risk factor neither for reoperations nor catheter reinterventions, but actually reinterventions related to the coronaries (so far all surgical) were performed in patients with complex coronary setups. We still have a relatively small group of patients with such complications, and that may be the reason why it didn't reach the significance level in statistical analysis. It may change as the followup continues. The potentially most severe complications, such as coronary lesions, may occur late and without any prior symptoms [9] , so their reported frequency may depend on the follow-up protocol and the performance of routine examinations in asymptomatic patients. In our material, so far, we had only five procedures related to the coronary arteries-three of them were early reoperations performed in first days after switch operation, one was done later but still in early infancy (42nd day of life), but the last one was related to a 9-year-old boy with a severe two vessel ostial stenosis, who had a complex coronary anatomy associated with commissural malalignment (single ostium of the common coronary trunk bifurcated into left and right coronary artery, arising anteriorly to the native aorta from the right coronary sinus) and until the age of nine he was completely asymptomatic with good exercise tolerance. Our routinely performed coronary CT angiograms show that almost in every single case the course of the proximal part of the coronaries is different from the normal patterns. Such screening enables us to select a group of patients for additional examinations (stress MRI, exercise and rest perfusion scintigraphy) and for more frequent follow-up control visits.
During the 25 years of postoperative observation, cumulative freedom from reoperations (including early procedures) and catheter reinterventions after the ASO was 86.5% of the patients (Fig.  4) . The important result is that most of the performed procedures were observed during the first years after surgery and then the risk falls continuously. There are some reports of a high incidence of late reoperation-Tobler et al. reported an 11% incidence of reoperation after the ASO in a group of 65 adults with a median age of 20 years at the time of the procedure [4] . Kempny et al. reported a group of adults (145 patients) with a median follow-up of 25 years and reoperation/reintervention rate of 30%. The significantly related risk factors for these procedures were previous reinterventions and coronary anomalies [10] . However, as yet there are only a few studies published on the outcome of the ASO in adulthood and the groups are relatively small [3, 4] . The results of the operations performed in the early era of the arterial switch procedure may also be significantly different from the outcomes of the operations performed later [4, 9] , because the surgical technique and perioperative care have both improved greatly since the time the procedure was introduced.
CONCLUSION
In the presented series of patients with TGA after ASO, the frequency of reinterventions remains low, with the highest incidence in the first 3 years after the operation. The majority of the procedures were performed because of pulmonary stenosis and recoarctation of aorta. Cardiac anomalies associated with TGA have a significant impact on the incidence of reoperations and catheter reinterventions. Despite the good results and optimistic prognosis for the future, patients with TGA after the ASO procedure need to be carefully followed, as the late outcome in adulthood still remains uncertain.
